Background. This study aimed to validate the reproducibility of quantitative analysis using time-of-flight (TOF) and conventional PET with 13 N-ammonia ( 13 N-NH 3 ). Methods and Results. Phantom images were reconstructed with and without TOF, and recovery coefficients (RCs) and the percent contrast of each sphere over the percent background variability were assessed. In the clinical study, 21 subjects underwent dynamic 13 N-NH 3 PET scanning under stress and rest conditions. The dynamic acquisition images and intra-and inter-observer reproducibility of myocardial blood flow (MBF) and coronary flow reserve (CFR) were compared between reconstructions (with and without TOF). In the phantom study, RCs and the percent contrast of each sphere over the percent background variability was improved with TOF. In the clinical study, the noise of blood pool and myocardial images with TOF was less than that without TOF. Territorial and global intra-and inter-observer reproducibility of MBF and CFR values was excellent. Although segmental intra-and inter-observer reproducibility was excellent, there were larger variations in apex and the segment near the right ventricle (RV) without TOF. These variations became inconspicuous with TOF.
INTRODUCTION
Non-invasive regional quantification of myocardial blood flow (MBF) and coronary flow reserve (CFR) is obtained by myocardial perfusion imaging using PET/ CT with 13 N-ammonia ( 13 N-NH 3 ). 1 13 N-NH 3 PET was set as class I of evidence level by the American College of Cardiology (ACC), American Heart Association (AHA), American Society of Nuclear Cardiology (ASNC), and the Japanese Circulation Society (JCS) for the diagnosis of coronary artery disease and the assessment of its severity. 2, 3 Absolute quantification of MBF and CFR has incremental values in the evaluation of the prognosis for patients with cardiovascular disease. In comparison to SPECT, PET offers better accuracy and sensitivity by higher spatial resolution, and more accurate attenuation and scatter correction. 4 Recently, as clinical use of 13 N-NH 3 PET studies has increased, quantitative analysis of MBF and CFR adding to visual assessment is required.
There has been a growing interest in the use of the 3-dimensional (3D) mode acquisition and time-of-flight (TOF) technology that has also gained popularity in clinical oncology PET studies. 5 TOF comprises the difference in arrival times between a pair of coincident photons, thus narrowing the probability distribution of the location of the annihilation event along the line of response (LOR). Compared with conventional PET, TOF-PET improves the signal-to-noise ratio. 6, 7 There are few reports of 13 N-NH 3 myocardial PET using TOF information. In this paper, we evaluated the image quality, recovery coefficients (RCs), and reproducibility of quantitative values in TOF and conventional PET with 13 N-NH 3 .
MATERIALS AND METHODS

Data Acquisition, Image Reconstruction and Processing
All data were obtained using the GEMINI-TF16 (Philips Healthcare, Cleveland, USA), a fully 3D TOF-PET scanner combined with a 16-slice Brilliance CT scanner. This scanner demonstrates the 12% energy resolution and a timing resolution of 585 ps. The dimensions of the individual LYSO crystals are 4 9 4 9 22 mm 3 in size and the measured spatial resolution of the system is 4.8 mm. First, a CT scan (over 180 mm using 120 kV, 115 mAs/slice, 1.5 s/rotation, and a pitch of 0.438) was performed, and then, images were reconstructed to produce 3.0-mm-thick slices at 3.0-mm increments. All emission data were acquired in 3D list-mode. Images were reconstructed using a blob-based, list-mode iterative algorithm with TOF information [TOF-ordered subset expectation maximization (TOF-OSEM)], and without TOF [3-dimmensional raw action maximum likelihood algorithm (3D-RAMLA)]. The reconstruction parameters for TOF-OSEM were three iterations, 33 subsets, and a relaxed (k = 1) OSEM update equation, and for 3D-RAMLA were two iterations, 33 subsets, and a relaxed (k = 0.08) OSEM update equation. Data were corrected by normalization with the application of the dead time and the attenuation. Attenuation correction was performed using the CT transmission while scatter was estimated by the single scatter simulation. Random values were estimated by the delayed coincidence window method. All images were reconstructed in a 144 9 144 9 144 image grid of 4 9 4 9 4 mm 3 .
Phantom Study
Phantom. Two different diameter sizes (30 and 50 cm) of NU2 image quality phantom (Itoi Factory Kobe, Japan) of the National Electrical Manufactures Association (NEMA) were used in this study. Both phantoms had an interior length of 18 cm and contained six spheres of 10, 13, 17, 22, 28, and 37 mm diameters. All spheres were filled with hot solution. The background was filled with 1:4 warm activity concentrations of 5.3 kBqÁmL -1 18 F.
Data acquisition for the phantom study.
Data acquired from 30-min list-mode in a noise-free condition were reconstructed with and without TOF (TOF-OSEM and 3D-RAMLA) in order to measure RCs. The RC for each diameter sphere was calculated as follows:
RC ¼ Measured sphere as maximum pixel value 37 mm diameter sphere pixel value :
PET images of 5, 10, 30, and 60 seconds were reconstructed and the image quality was evaluated for each duration time with percent contrast/percent background variability of 10, 13, 17, and 22 mm diameters, respectively. Twelve regionof-interests (ROIs) of the same size to the spheres were drawn over the background. ROIs were drawn on the central slice, and ±1 and ±2 cm on either side of center, resulting in a total of 60 background ROIs, 12 on each of the five slices. The percent contrast for each diameter sphere (Q jmm ) was calculated as follows:
C H,j and C B,j refer to the average measured activity in the ROIs for each diameter sphere and the average measured activity in all the background diameter ROIs; a H /a B refers to the activity concentration ratio for the hot sphere to the background.
The percent background variability N jmm for each diameter sphere was calculated as follows:
SD jmm was the standard deviation (SD) of the background ROIs for each diameter sphere, calculated as follows:
Clinical Study
Subjects. This was a retrospective study of subjects ). All patients were studied at rest and during hyperemia induced by the intravenous injection of adenosine. Patients refrained from caffeine-containing drinks and smoking for 24 hours before the study. Baseline characteristics of the subjects are detailed in Table 1 . Rest and peak heart rate, and rest and minimum blood pressure during adenosine infusion are listed in Table 2 . The institutional ethics committee approved this study. All patients signed the written informed consent forms before study enrollment.
Data acquisition for the clinical study. PET scanning was performed after a slow intravenous injection of 370 MBq 13 N-NH 3 followed by a 30 mL saline solution (2.0 mL/s-15 seconds). Twenty-seven dynamic frames were reconstructed (twenty-four 5 seconds, two 30 seconds, and one 1 minute). One hour later after decay, a pharmacologic stress test was performed with the injection of adenosine (120 lgÁkg
Ámin -1 9 6 minutes). Subjects breathed freely during both the CT and PET acquisitions.
MBF and CFR Analysis
Quantitative values were analyzed with the PMOD software (PMOD Technologies Ltd., Zurich, Switzerland). The images were reoriented to standard short-axis for the definition of myocardial segments and volume-of-interests (VOIs). These VOIs were required for calculations of the time activity curves (TACs) of the right ventricle (RV) and the left ventricle (LV) blood pool and the myocardium. The LV-TACs served as the input curves, while the RV-TACs were applied for spillover correction in the septal segments. Only the first 4 minutes after injection were used for curve fitting. TACs of myocardia were fitted with the kinetic model using the DeGrado's 1-compartment model, which was recommended to use the only first 4 minutes of data after injection of the tracer to reduce motion effects. 8 Results of MBF and CFR were expressed in each territory and segment based on AHA's 17 segment model. Territorial and global values were summarized by volume-weighted averaging to the vascular territories (RCA, LAD, and LCX) and global LV myocardium.
All frames during 0-40 seconds of blood volume and during 120-240 seconds of myocardium were averaged and smoothed with a 3D Gaussian filter of 6-mm full-width at half maximum (FWHM). In addition, a fraction of the blood volume image was subtracted in order to improve the contrast in myocardial images. For the blood factor, 0.05 was used in this study because the noise characteristics in 3D-PET were superior to conventional 2D-PET.
Intra-observer analyses of MBF and CFR were performed at intervals of a few months. Inter-observer analyses by two observers were operated after independent reviews. Both observers had enough experience about using the PMOD software.
Analysis of Dynamic PET Images
A comparison of the variability of the dynamic data between with and without TOF was conducted. ROIs of RV and LV blood pool were set in 5-seconds images from injection to 60 seconds, while septal, apical, and lateral myocardial walls of LV were set in 5-s images from 60 to 115 seconds. SD of ROIs was compared between with and without TOF.
Statistical Analysis
The results were expressed as mean ± SD. A paired Student's t test was used to compare the quantitative data with and without TOF in intra-and inter-observer analyses. A Pearson's product moment correlation coefficient and BlandAltman plots were used to validate correlation and agreement of quantitative values in intra-and inter-observer analyses. A P value of \.01 was considered as statistically significant.
RESULTS
Phantom Study
The image quality of NEMA NU2 phantoms of the 30 and 50 cm diameter with and without TOF reconstruction is shown in Figure 1 . Reconstructed images with TOF had less noise compared to those without TOF. The smaller sphere's accumulation was underestimated with both reconstructions. Moreover, the decrease of accumulation in small spheres was more noticeable in the 50-cm-diameter phantom. Figure 2 shows the RC curves against the sphere diameter measured in both sizes of phantoms with and without TOF reconstructions. The maximum measured radioactivity concentration decreased as the sphere's size became smaller. RCs ranged from 1.06 to 0.45 depending on the diameter of the spheres in the standard size (30 cm) phantom with TOF, while from 1.03 to 0.38 without TOF. RCs were 0.43 (with TOF) and 0.26 (without TOF) on 10-mm-diameter spheres in the large (50 cm) phantom. RCs were strongly dependent on the use of TOF reconstruction. RCs of the large phantom were smaller than those of standard size phantom. Additionally, there was higher percent contrast/percent background variability of all spheres with TOF in each duration time (Figure 3 ).
Clinical Study
Representative trans-axial images with and without TOF of every three frames from the 2nd frame (10 seconds) are shown in Figure 4 . The noise of blood pool and myocardial images with TOF was less than that without TOF in all frames. Tables 3 and 4 show SD of ROIs with and without TOF under stress and rest conditions. The less variation was observed with TOF images than that without TOF images. Mean and SD for territorial and global values with and without TOF in intra-and inter-observer analyses are shown in Table 5 . Global stress and rest MBF and CFR in intra-and interobserver analyses were statistically similar (all p = ns). When compared with and without TOF, the measured MBF was significantly larger with TOF, especially at rest condition. Consequently, CFR values with TOF were lower than those without TOF. In intra-observer analysis, a Pearson's product moment correlation coefficient for territorial MBF values and CFR values under stress (n = 60) and rest (n = 63) tests with and without TOF indicated excellent correlations (stress MBF: r = 0.99 and 0.99, rest MBF: r = 0.97 and 0.97, and CFR: r = 0.99 and 0.98, all P \ .0001). Excellent correlations were also observed with and without TOF in inter-observer analyses (stress MBF: r = 0.99 and 0.99, rest MBF: r = 0.98 and 0.97, and CFR: r = 0.98 and 0.99, all P \ .0001). Figures 5, 6 , 7, and 8 show segmental correlation coefficient analyses and BlandAltman plots for intra-and inter-observer with and without TOF. Correlations and agreements of quantitative values were almost excellent, except in some segments without TOF reconstruction in intra-and interobserver analyses; TOF improved the difference and agreement. Figures 9 and 10 show the differences of MBF and CFR values for each segment with and without TOF in intra-and inter-observer analyses. There were some cases that have poor agreement in particular segments both in intra-and inter-observer analyses. Specifically, there were larger variation in segment 17 (apex) and the segments near the RV, such as segment 2, 3, 4, 8, 14, and 15. This variation became inconspicuous with TOF.
DISCUSSION
The NEMA phantom study showed higher image contrast for small spheres using TOF than that using non-TOF because TOF technology was able to localize the coincidence and reduce the propagation of noise along LOR (Figure 1, 2, and 3) . It has been shown in previous studies that the image contrast gain with TOF is proportional to the system timing resolution and object size as defined by the relation D/Dv, where D is object diameter and Dv = cÁDt/2, c is speed of light, and Dt is timing resolution FWHM. 6 This gain of our PET/ CT system with timing resolution of 575 ps became 3.5 with 30 cm diameter and 5.8 with 50 cm diameter, respectively. These results were particularly more crucial for cardiac imaging than brain one.
The RC was overestimated for 22-mm-diameter hot spot in 30-cm-diameter phantom with TOF ( Figure 2) . This bias at the voxel level is due to so-called Gibbs Ringing and is frequently observed in the images reconstructed using point spread function algorithm. The RC values larger than 1.0 were observed for 17-and/or 22-mm spheres (sphere size over 3-4 times as large as the crystal size of PET/CT system). 9 This bias is not taken in consideration for absolute quantification of MBF and CFR because normal thickness of myocardial wall is about 10 mm. However, some attention may be paid to cardiac hypertrophy. In 13 N-NH 3 PET imaging, the reproducibility of intra-and inter-observer variation with TOF was better than that without TOF, respectively. Because 13 N-NH 3 PET can measure MBF and CFR with good linearity of tracer, and provide excellent perfusion and ECG-gated images, this multi-direction study will be further widespread in the future. 10 Highly reproducible measurement of the MBF and CFR is essential for a clinical routine. Schepis et al 11 reported a high rate of concordance between the measurements of the MBF and CFR in 13 N-NH 3 PET acquired using the 2D and the 3D PET scanners. In general, the infused activity should be adjusted according to a body size. However, for acquisition in the 3D PET scanner, infused activity must be limited to defuse count saturation related to the detector dead time. When the patient's build is enough big, the gain of benefit using TOF-PET is also significant (Figure 1 ), and will offset the disadvantage about the administration limit (500 MBq) in 3D PET. We examined the reproducibility of MBF and CFR values with only 370 MBq administration of 13 N-NH 3 using TOF and convention 3D PET, and confirmed that TOF improved the reproducibility under this low dose situation.
Grace et al 12 studied the effect of reconstruction parameters and reconstruction algorithms for MBF measurement. They reported that reconstruction algorithms significantly affected the estimation of quantitative blood flow data and should not be assumed to be interchangeable. Although aggressive smoothing may produce visually appealing images with reduced noise levels, this may cause an underestimation of the absolute MBF. Because TOF-PET does not equip an aggressive smoothing process, TOF-PET can provide accurate quantitative values under achieving good signal-to-noise condition. Table 5 indicates that rest MBF and CFR were higher and lower with TOF than those without TOF, respectively. These differences of the quantitative values were probably due to smaller partial volume effects and higher contrast.
To the best of our knowledge, reproducibility with TOF acquisition technique for the absolute quantification of MBF and CFR with 13 N-NH 3 PET has not yet been reported. Slomka et al 13 compared several kinds of software for MBF and CFR using 13 N-NH 3 myocardial perfusion PET data. Similar to the present study, high reproducibility of the territorial quantitative values with Table 4 . the PMOD software was demonstrated. Although the reproducibility of the 17 segments was generally similar to that of the coronary territories, some segments showed the considerable intra-and inter-observer differences ( Figure 9, 10 ). In the specific locations of apex (segment 17) and the segment near the RV (segment 2, 3, 4, 8, 14, and 15), the reproducibility was relatively low without TOF images. This impaired reproducibility was improved with TOF technique. To detect various coronary perfusion deficits clinically, the accurate measurement of MBF and CFR not only by territory but also by segment could be essential. These results revealed that MBF and CFR measurements by segment were able to show better reproducibility with TOF. The calculation in the apex was difficult because of so-called apical thinning due to motion artifacts by both cardiac motion and breathing in addition to small myocardial thickness.
14 Moreover, the spillover from RV blood pool into the myocardial wall was introduced as an extra parameter in kinetic model analysis, and RV- TACs were used for the correction of the spillover. However, it was often difficult to place the VOIs at RV blood pool accurately, yielding a variation of the absolute values of segments adjacent to the RV. TOF-PET enabled to place the VOIs at RV and LV blood pool, and myocardium in quantitative analysis without bothering an operator because of better image quality. Nesterov et al 15 described the basal segments of the septal wall as the most difficult to place the VOIs in the heart. Mitigation of partial volume effects using TOF made improved the reproducibility of these segments.
In the quantification of myocardial perfusion not only with 13 N-NH 3 but also with 82 Rb or 15 O-labeled water, signal-to-noise performance and partial volume effects are major problems. TOF technology could mitigate these intrinsic nuisances, contributing to reliable quantification and reproducibility of MBF and CFR.
NEW KNOWLEDGE GAINED
TOF-PET improved partial volume effects and noise characteristics, producing higher intra-or inter-observer reproducibility of MBF and CFR in 13 N-NH 3 PET.
CONCLUSION
Visual image quality with TOF was better than that without TOF in the phantom study. RCs and percent contrast of each sphere over percent background variability were improved with TOF, especially of small sphere and in the large phantom.
In the clinical study, intra-or inter-observer reproducibility of measuring quantitative values was compared between with and without TOF. Excellent correlations and good agreements in quantitative values were observed both with and without TOF reconstruction. Larger variation in the apex and the segments near the RV without TOF was improved with TOF reconstruction because TOF-PET is superior at the point of partial volume effects and noise characteristics.
